With infrared transient hole-burning spectroscopy we have investigated the influence of OD•••X hydrogen bonds on the vibrational line shape of O-D stretch vibrations in acid zeolites. The effect of hydrogen bonding on the line shape depends critically on the type of hydrogen bond. For hydrogen bonding in a rigid structure, the hydrogen bond determines the inhomogeneous linewidth, but the homogeneous linewidth is determined by coupling to a ϳ200 cm Ϫ1 lattice mode as concluded from the temperature dependence of the dephasing rate. When the hydrogen bond is formed with an adsorbing molecule, the coupling between the high-frequency O-D stretch vibration and the low-frequency OD•••X hydrogen-bond stretching mode does determine the homogeneous linewidth. The difference between the two systems can be explained by the different hydrogen-bond potentials. Variation of the adsorbate provides a means of obtaining conclusive information on the coupling mechanism between the high-frequency O-D stretching mode and the low-frequency OD•••X hydrogen-bond stretching mode.
I. INTRODUCTION
Infrared absorption line shapes have received considerable attention in the past decades, since it is clear that the center frequency and the width of an absorption line contain information on the interaction of a molecule or oscillator with its surroundings. 1 The effect of hydrogen bonds on the vibrational line shape is particularly interesting, since the bandwidth of a hydrogen-bonded complex is typically an order of magnitude larger than that of the free molecule. Although this problem has received considerable attention in both theoretical [2] [3] [4] [5] [6] [7] and experimental [8] [9] [10] [11] [12] [13] [14] [15] studies, there is substantial ambiguity as to the exact cause of this broadening and its appropriate theoretical description.
In this paper we investigate the effect of hydrogen bonding on the vibrational line shape of O-D stretch vibrations of deuterated hydroxyls in zeolites. Weak hydrogen bonds are formed by hydrogen bonding of the deuterated hydrogen atom of the hydroxyl group with zeolite lattice oxygen atoms, or by adsorption of simple molecules to available O-D sites in the zeolite. We have investigated the resulting absorption line with both conventional and time-resolved saturation IR spectroscopy. The latter technique allows us to separate homogeneous from inhomogeneous contributions to the line shape. It is found that the effect of the hydrogen bond on the homogeneous vibrational line shape depends strongly on the nature of the hydrogen bond: Absorption lines which are indistinguishable with conventional IR spectroscopy can hide very different homogeneous vibrational dynamics. The zeolite system allows us to ''tune'' the relevant physical parameters determining the absorption line, by choosing adsorbates with different masses and hydrogenbond strengths. Thus we are able to obtain conclusive information on the coupling between the O-D stretch vibration and the OD•••adsorbate hydrogen-bond stretching mode.
The O-D groups under investigation are the acid sites in the microporous alumino-silicate zeolites. These acid zeolites are used in solid acid catalyzed processes ͑e.g., hydrocarbon cracking in the petrochemical industry͒. 16 Insight in the dynamics of the microscopic interaction between the catalytic site and adsorbates is of essential interest for a fundamental understanding of zeolite catalysis and the theoretical description of these processes. The possible consequences of our findings for catalysis are discussed elsewhere.
II. THEORY A. General linewidth theory
An absorption line can crudely be described in terms of inhomogeneous and homogeneous contributions. Inhomogeneous broadening is due to static structural properties of the sample. It occurs when different oscillators have slightly different transition frequencies due to the different environments they experience. Homogeneous broadening is connected to the twofold dynamics of the vibration: First, broadening will occur due to the finite lifetime of the excitation; population in the excited state will decay back to the ground state. The second cause for homogeneous line broadening is pure dephasing, due to the loss of coherence of the excitation. For a sub-ensemble of oscillators with the same center frequency, this means that the macroscopic polarization will decay in time, resulting in a line broadening, while the excitation itself need not decay. The lifetimes associated with the two decay mechanisms are the vibrational population lifetime T 1 and the pure dephasing time T 2 * , respectively. Homogeneous broadening will result in a line shape of width 2⌫ hom ϭT 1 Ϫ1 ϩ2T 2 * Ϫ1 .
A more precise theoretical description of the effect of pure dephasing on the absorption line involves two parameters which determine the absorption line: the width D of the spectral distribution determining the possible frequencies of the oscillators, and a correlation time c , a measure of the time during which the oscillators retain the same frequency within the spectral distribution. In this description the frequency of an oscillator reads: (t)ϭ 0 ϩ␦(t), 2, 3 with c defined as the decay time of the time-correlation function of the oscillator detuning: ͗␦(0)␦(t)͘ϳD 2 e Ϫt/ c , and the frequency modulation is described as a Markovian process. If the spectral distribution is assumed to be Gaussian, the spectral line A( ) is determined by the decay of the polarization auto-correlation function e Ϫg(t) as, 2, 3 A͑ ͒ϭ ͵ In the so-called fast modulation limit (D c Ӷ1), the exponential term in g(t) is negligible, and g(t)ϷD 2 c t. This results in a homogeneously broadened line with a Lorentzian shape of width ϳD 2 c . Note that the faster the frequency modulation, i.e., the smaller c , the narrower the absorption line: If the modulation of the transition frequency is sufficiently rapid, the net phase evolution of the oscillators resembles that of the central frequency of the distribution and the net phase difference between oscillators develops relatively slowly. As a result, the macroscopic polarization decays slowly, resulting in a sharp absorption band. This phenomenon is known in magnetic resonance spectroscopy as motional narrowing. 18 In contrast, in the slow modulation limit (D c ӷ1), the exponential term in the expression of g(t) can be expanded, and g(t)ϷD 2 t 2 . This results in an inhomogeneously broadened line: Due to the relatively slow modulation of the transition frequencies, the frequencies of the different oscillators are different and can be regarded as effectively fixed. In this limit, the line shape is determined only by D, the width of the spectral distribution, i.e., the range of possible transition frequencies. If there is a homogeneous broadening hidden in this inhomogeneous absorption band, these homogeneous absorption lines have to be described with a second combination of DЈ and c Ј. In that case there are two mechanisms giving rise to a frequency modulation, one of which is slow ͑characterized by D and c with D c ӷ1) and the other is fast ͑characterized by DЈ and c Ј with DЈ c ЈՇ1).
In the intermediate regime (D c Ϸ1), a larger linewidth can be caused by either a slower modulation ͑larger c ) or a larger spectral distribution D. This intermediate regime is sometimes referred to as ''non-Markovian,'' since the collective decay of the macroscopic polarization of the ensemble of oscillators can no longer be described as a Markovian process.
Recent developments in time-resolved spectroscopic techniques have allowed for the separation of static and dynamic contributions to the vibrational linewidth. Homogeneous vibrational line shapes can be measured with IR transient hole-burning techniques 19, 20 and recently the timeresolved observation of vibrational dephasing by means of an infrared photon-echo experiment was reported. 21 Transient infrared hole-burning spectroscopy allows for the investigation of absorption lines by selectively exciting a sub-ensemble of oscillators within the overall absorption line. The presence of inhomogeneous broadening can be revealed, and the ͑quasi-͒homogeneous linewidth, determined by the vibrational dynamics as well as the vibrational population lifetime T 1 can be obtained, providing us with the complete vibrational dynamics of the system.
B. Theoretical models for dephasing in hydrogenbonded systems
A great number of sophisticated theoretical models have been developed to describe vibrational line shapes, [2] [3] [4] [5] [6] [7] 22, 23 some specifically addressing the effect of hydrogen bonds. [5] [6] [7] 22, 23 Here, we will give a brief review of the relevant theories, the concomitant predictions and previous applications of these theories to explain the experimental observations.
In most of these theories the dephasing of the highfrequency X ឈ -H ជ •••Y ឈ s stretching mode (ϳ2600 cm Ϫ1 for our system͒ in the hydrogen-bonded X-H•••Y system is due to anharmonic coupling of this mode to the low-frequency (ϳ100 cm Ϫ1 ) X ឈ -H•••Y ជ stretching mode. We will refer to the normal coordinates of the high-frequency s and the low-frequency stretching modes as r s and r , respectively. The two modes are expected to be strongly coupled since they lie along the same spatial coordinate and it has therefore been surmised that there is a strong correlation between the s XH frequency and the X•••Y hydrogen bond distance r . The importance of the coupling of the two stretching motions for the infrared spectrum of the high-frequency s mode was first pointed out by Marechal and Witkowsky. 5 The key point of this theory was the recognition that the coordinate of the ͑XH•••Y͒ mode r determines the frequency of the s ͑X-H͒ mode. In this theory the relatively fast motion of coordinates r s is separated from the slow motion in coordinates r , in a vibrational Born-Oppenheimer approximation. 5 The result of this adiabatic description is a stick spectrum ͑absorption lines are delta functions͒ associated with the v X-H ϭ 0 to v X-H ϭ 1 transition, made up of a vibrational progression in the mode. The width of the overall absorption line is determined by how much the mode can change its energy in going from v X-H ϭ 0 to v X-H ϭ 1. The theory was successfully employed to calculate infrared spectra for a single hydrogen-bonded complex; the agreement with experimental data for a gas-phase dimer and a hydrogen-bonded crystal was excellent. 5 Bratos showed that in case of a hydrogen-bonded liquid it is not sufficient to consider a single hydrogen bonded complex. 6 In this model the description of the broad, featureless absorption spectrum presupposes a static distribution of hydrogen bond strengths, and a corresponding static distribution of transition frequencies. This means that this model describes broadening in the inhomogeneous limit of slow modulation (D c ӷ1).
In an extension of these static models by Robertson and Yarwood 7 the dynamics of the coupling were incorporated by introducing a stochastic modulation of the r coordinate super-imposed on the ͑XH•••Y͒ vibration. This causes a frequency modulation of the high-frequency s ͑X-H͒ mode through the time evolution of r , which is described classically by means of a Langevin equation. The anharmonic coupling term V anh describing the effect of the coupling of the mode and the s mode on the s motion is linear in the coordinate r (t) of the ͑XH•••Y͒ mode in the spirit of Witkowski and Bratos: V anh ϭK 12 r s 2 r (t), with K 12 the coupling constant. The result of this description is that, in case the mode is overdamped ͑i.e., in the absence of combination bands between the s and the modes in the absorption spectrum͒, the width of the spectral distribution D is given by the coupling strength of the two modes and the root-mean-square amplitude of r , DϭK 12 ͗r 2 ͘
1/2
, and the correlation time c is determined by a damping parameter ␥ for the mode and the frequency: c ϭ␥/ 2 The damping parameter ␥ reflects the damping of the hydrogenbond mode due to coupling of this mode to the bath.
This description is in sharp contrast with the theory of dephasing in condensed phases by Shelby and Harris, 4 in which the coupling depends linearly on the occupation of the low-frequency mode , and hence the predominant coupling term depends on the coordinate r to second order, 4 V anh ϰ r 2 (t). In this model, successfully applied to describe, amongst others, the homogeneous linewidth of a hydrogenbonded polymer, 19 the modulation of the s ͑X-H͒ transition frequency occurs through anharmonic coupling to the low-frequency mode which undergoes energy exchange with the bath. Energy exchange between the low-frequency mode and the bath results in continuous excitation and deexcitation of the low-frequency mode. Since this mode is anharmonically coupled to the high-frequency mode, the transition frequency of the high-frequency mode is sensitive to whether or not the low-frequency mode is excited. Therefore energy exchange between the bath and the lowfrequency mode will result in a modulation of the transition frequency of the high-frequency mode; the spectral distribution D is determined by the coupling strength and c by the lifetime of the low-frequency mode, determined amongst others by the degree of thermal excitation of this mode. The key prediction of this theory is that, at low temperatures, the width of the absorption line will display an apparent activation energy with increasing temperature, equal to the energy of the low-frequency mode, due to the increased rate of thermal occupation of the low-frequency mode. 4 Both the Robertson-Yarwood model and the ShelbyHarris model have been more or less successfully applied to describe line shapes in hydrogen-bonded systems. 15, 19 However, from these and other experiments, it is clear that temperature variation, 12, 19 change in hydrogen-bond strength by different hydrogen-bond acceptor/donor, 13 change of solvent 14 and isotopic substitution 15 lead to severe complications in the interpretation of the data, since too many parameters will change, affecting both D and c that determine the line shape. Furthermore, considerable problems were encountered in background subtraction for the interpretation of the linear absorption spectra, 15 which has to be performed very accurately in order to obtain the true shape of the absorption band.
For strong hydrogen bonds in polar solvents, a direct dephasing mechanism has been proposed, [22] [23] [24] in which the s ͑X-H͒ mode is coupled directly to the solvent, due to the dipolar interaction of the hydrogen-bonded group with the local solvent field. Although this description has successfully been applied to interpret experimental data ͑see, e.g., Ref.
24͒, we will not pursue this approach since in our systems with weak hydrogen bonds in rigid structures the hydrogen bond mode does play an important role in the dephasing process, as will be shown below. In this paper, we will compare the Shelby-Harris and the Robertson-Yarwood models in their ability to explain our experimental results.
III. EXPERIMENT
The zeolite samples consist of pressed self-supporting crystalline zeolite discs of ϳ5 mg/cm 2 . Acid forms of Y-zeolite and Mordenite were obtained by in vacuo heating ͑1 h at 743 K͒ of the zeolite in which ͑part of the͒ Na ϩ cations were exchanged by NH 4 ϩ cations. The two types of Y zeolite are specified by Si/Al ratios of 2.8 and H/T ͑TϭSi or Al͒ ratios of 0.27 and 0.07, respectively. For the Mordenite the Si/Al and H/T ratios are 6.7 and 0.13 respectively. Deuteration is achieved by exposing the zeolite disc to 500 mbar of D 2 gas ͑Messer Griesheim, 99.7%) at 693 K and allowing exchange for 1 h, resulting in approximately 70% exchange as observed from the absorption spectra. These spectra were recorded using a Perkin-Elmer 881 double beam IR spectrometer. Adsorption of nitrogen ͑N 2 , Messer Griesheim, 5.0͒, xenon ͑Xe, Messer Griesheim, 4.0͒, methane ͑CH 4 , L'Air Liquide, 3.5͒ and carbon monoxide ͑CO, Linde, 3.7͒ was performed at pressures ranging from 50 to 200 mbar, at temperatures from 100 to 170 K.
For the saturation experiments two independently tunable intense (Ϸ100 J͒ picosecond ͑20 ps͒ infrared ͑2200-4500 cm Ϫ1 ) pulses are generated by parametric downconversion of 1064 nm Nd-YAG pulses in LiNbO 3 crystals ͑an extensive description of the experimental setup can be found in Ref. 25͒. The pump repetition rate can be regulated from 1 to 10 shots per second, and was fixed at 5 Hz. At this repetition rate heating effects are negligible. 26 The pump energies were kept sufficiently low to justify the neglect of contributions from thermal desorption for the experiments on O-D groups with adsorbates. The laser pulse has a bandwidth of 6 cm Ϫ1 ͑FWHM, Gaussian line shape͒ at O-D absorption frequencies, which is four times smaller than the bandwidth at O-H frequencies. This better frequency resolution, and a reduced scattering of the laser pump light at O-D frequency as opposed to the O-H frequency, are the reasons for investigating the deuterated sample.
The setup allows for three kinds of experiments. The first type of experiment is a one-color pump-probe delay scan experiment. In this experiment the pump pulse is tuned to the O-D absorption frequency and focused onto the sample ͑focused beam Ϸ0.4 mm diameter͒. As a result, a considerable fraction (Ϸ20%) of the O-D oscillators are excited from their vϭ0 to vϭ1 vibrational state. Due to large anharmonicity ͑the O-D vϭ1→2 absorption is redshifted by ϳ100 cm Ϫ1 from the vϭ0→1 absorption͒ the excited O-D(vϭ1͒ cannot absorb light at this frequency. This results in a bleaching of the O-D absorption on a picosecond time scale, i.e., a temporary increase of transmission of light at this wavelength through the sample. The subsequent equilibration of the population distribution can therefore be monitored by measuring the transmission of a weak probe pulse ͑of the same color͒ whose time delay with respect to the pump pulse can be varied. The decay of the pump-induced transmission with time is related to the vibrational lifetime of the excitation T 1 , as: ln͓T(t)/T 0 ͔ϳ exp(Ϫt/T 1 ), where T(t) is the transmitted energy of the probe pulse at delay t and T 0 is the transmitted probe energy in absence of the pump pulse. Thus the vibrational lifetime of the first excited state can be obtained. It has been illustrated that monitoring the population difference between the ground and first excited state indeed renders the lifetime in the first excited state: No intermediate levels play a role in the decay process. 25 The second type of experiment is a two-color frequencyscan experiment. In this experiment transient absorption spectra are recorded. The pump pulse is tuned to the 0→1 transition, the delay between the pump and probe pulse is fixed, and the wavelength of the probe is scanned. Thus the spectral effect of the pump pulse can be investigated. This effect is twofold: After the pump pulse has excited the oscillators to their first excited state, the 0→1 transition is bleached, resulting in an increased transmission at this frequency, but simultaneously absorption from vϭ1 to vϭ2 becomes possible. This transient, excited-state absorption band, shifted to lower frequencies compared to the 0→1 transition due to the anharmonicity of the vibration, is called the hot band. From the width of the spectral hole that is burnt in the 0→1 absorption band we can deduce the homogeneous linewidth for the 0→1 transition. Analogously, the width of the 1→2 transition ͑hot band͒ contains information on the vibrational dynamics of the 1→2 transition.
In the third type of experiment, a two-color, 3-pulse, pump-pump-probe experiment, the first pump pulse is tuned to the 0→1 transition, followed promptly by a second pump pulse tuned to the 1→2 transition ͑slightly to the red͒. With this scheme approximately 5% of the oscillators can be excited to the second excited state vϭ2. With the probe pulse the population difference between the ground and first excited state, or between the first and the second excited state can be monitored as a function of delay between the pump pair and the probe. With this experiment, the lifetime of the second excited state can be obtained, as well as information on the decay route from vϭ2 down to vϭ0 ͑directly, or via vϭ1͒.
IV. RESULTS AND DISCUSSION
A. Differences between a solid and a gas-phase hydrogen bond
In Fig. 1 27 The redshift of the LF O-D peak is due to a hydrogen bond between the deuterons from the LF O-D groups to zeolite lattice oxygen atoms. 28 These O-D groups will be further referred to as OD 50 mbar of nitrogen at 100 K, the nitrogen adsorbs to these O-D sites, resulting in a redshift of the peak due to the weak hydrogen bond to the adsorbate. 29 The resulting O-D groups will be further referred to as OD In Fig. 2 the results of one-color pump-probe experiments are shown, from which the vibrational population lifetime can be obtained. It has been demonstrated that for these O-D vibrations the decay time of the pump-induced transmission increase can be interpreted straightforwardly as the vibrational lifetime T 1 . 25 Upon adsorption of nitrogen the vibrational lifetime of the O-D groups drops from 171 to 48 ps, and this lifetime coincides remarkably well with the 44 ps lifetime of the OD•••O latt groups. We have shown recently 30 that this enhancement of the vibrational relaxation rate is neither due to desorption of the nitrogen ͑breaking of the weak hydrogen bond could be an efficient way for the O-D group to lose a considerable amount (Ϸ1000 cm Ϫ1 ) of its excess vibrational energy͒, nor due to energy transfer into internal degrees of freedom of the adsorbate. The enhancement was attributed to an increased coupling of the O-D group to the lattice caused by the hydrogen bond, allowing for a more rapid energy dissipation ͑for details, see Ref. 30͒.
From Fig. 3 it is observed that, although the overall absorption line and the vibrational population lifetimes are similar for the two differently hydrogen-bonded O-D groups, the homogeneous linewidths are very different. Recording a transient spectrum at a delay between pump and probe of 20 ps, it is found that for the OD•••O latt groups, the pump pulse burns a hole in the absorption spectrum ͑see also Ref. 25͒, whereas, remarkably, for the OD•••N 2 groups the whole absorption band decreases in amplitude ͑both transient spectra were recorded at 100 K͒. The fact that a hole is burnt in the LF O-D absorption spectrum implies that this line is predominantly inhomogeneously broadened; 31 there is a distribution of vibrational frequencies for the O-D groups, and only those O-D groups can be excited that are resonant with the frequencies within the laser pump pulse.
In order to obtain the homogeneous linewidth, we have calculated the transient spectra. In these calculations the absorption band is deconvoluted into a sum of Lorentzians of full width at half maximum
where i is the center frequency of the ith homogeneous Lorentzian line of amplitude a i . The pump pulse excites a fraction f i 0 of each Lorentzian, determined by the spectral overlap of the ith Lorentzian with the laser pump pulse as well as saturation effects ͑power broadening͒. 25 The excited spectrum then reads 
where the initially excited fraction of excited oscillators, f i 0 , is assumed to decay exponentially with time-constant T 1 . This spectrum ͑for tϭ20 ps͒ has to be convoluted with the laser probe spectrum to obtain the experimental excited spectrum hydrogen-bond strengths. This distribution of hydrogen-bond strengths is presumably due to the inhomogeneous distribution of Si and Al atoms throughout the zeolite lattice. It has been surmised 32 that the frequency of the O-H stretching vibration is sensitive to even the second Si/Al coordination shell. The conclusion that the inhomogeneous distribution is due to a distribution of different hydrogen bond strengths is substantiated by results of previous experiments which showed that the vibrational lifetime T 1 increases with increasing frequency within the absorption band, 33 due to the decrease of the hydrogen-bond strength. 28 The large difference in the homogeneous linewidths for the OD•••O latt groups and the OD•••N 2 groups can be understood by considering the hydrogen-bond potentials for v OD ϭ0 and v OD ϭ1 for the two systems, which are schematically depicted in Fig. 5 . By noting that the timescales associated with the high frequency the s mode and the lowfrequency mode differ by over an order of magnitude, a vibrational Born-Oppenheimer approximation ͑also referred to as adiabatic approximation 5 ͒ can be made. Thus, the slow motion of the r coordinates is separated from the fast motion in the r s coordinates. In this fashion the energies and wave functions of the system depend parametrically on the r coordinate: The wave functions and eigenvalues can be calculated for a given value of r , and by repeating this procedure for different r , the variation of the energy of the system with this coordinate can be calculated. Thus the schematic potentials in Fig. 5 are obtained. In the presence of adsorbates, the potential is strongly anharmonic and dissociative. Furthermore, it is well known that the potentials for the ground and excited state are different 34 ; the hydrogen bond is stronger for vϭ1 than for vϭ0, and hence the potential energy minimum is situated at smaller r ͑O•••X distance͒ for vϭ1. 34 Since D is determined by the difference between the vϭ0 and vϭ1 potentials, i.e., by a change in the hydrogen bond upon excitation of the O-D stretch vibration, D will be relatively large for this system. In contrast, for the The lower curve is for the s ͑O-D͒ in the ground state, upper curve in the first excited state. ͑A͒ For a hydrogen bond to an adsorbate, strongly anharmonic and dissociative. The H bond dissociation energy is ϳ1500 cm Ϫ1 , the transition frequency ϳ2600 cm Ϫ1 and ϳ2750 cm Ϫ1 with and without the H bond, respectively. After Ref. 34 . ͑B͒ For a hydrogen bond to fixed lattice oxygen atoms. OD•••O latt the potential energy curve is dictated by lattice parameters; the OD•••O latt distance is determined not by the electrostatic interaction between the deuterium and the O latt , but by the geometry of the zeolite lattice. The rigidity of the zeolite lattice strongly disfavors a change in the oxygen-oxygen distance. As a result the potential is nondissociative, and very similar for the ground and excited state of the O-D vibration. As a result D will be relatively small, resulting in a narrow homogeneous absorption line. From the observation that the linewidths and the temperature dependence are the same for the free O-D groups and the OD•••O latt groups ͑Fig. 4͒, we deduce that the homogeneous linewidth broadening due to the interaction with the hydrogen bond is so small, that a different broadening mechanism dominates. The observation of the 200Ϯ70 cm Ϫ1 activation energy is most likely due to the involvement of the 260 cm Ϫ1 zeolite ͑oxygen͒ lattice mode in the dephasing process ͑there are no other low-frequency modes between 100 and 300 cm Ϫ1 ). 35 This 260 cm Ϫ1 mode involves the cooperative motion of zeolite oxygen atoms. 35 The observation of an apparent activation energy is in good agreement with the Shelby-Harris theory in the limit of slow modulation. Hence we conclude that, for the LF OD•••O latt groups, the coupling is properly accounted for by the Shelby-Harris theory, and that dephasing occurs by coupling to the 260 cm Ϫ1 zeolite ͑oxygen͒ lattice mode.
Another difference between the two differently hydrogen-bonded groups can be observed in the so-called hot-band absorption depicted in Fig. 6 . From The solid line through the data is a calculation for which each of the bleached Lorentzians constituting the absorption band are anh anharmonically shifted from the original absorption band to form the hot band. In this calculation we assume that the 1→2 transition frequency of an oscillator is correlated to the 0→1 transition, in the sense that a transition corresponding to one of the Lorentzian lines on the red side of the absorption band will appear on the red side of the hot band: Each Lorentzian is exactly anh cm Ϫ1 shifted. The excited spectrum then reads
The first term corresponds to Eq. ͑3͒, and is due to the bleaching of the original absorption band, and the second term is the hot-band absorption. ␤ is the ratio between the 1→2 and the 0→1 cross sections (ϭ2 for a harmonic oscillator͒. This straightforward procedure describes the data for the OD Ϫ1 is significantly larger than that of the OD•••O latt groups. On the low-frequency side of both the hole and the hot band the calculations deviate slightly from the data, implying that the homogeneous linewidth varies slightly within the inhomogeneously broadened absorption band, as was found previously. 25 Hot bands with widths larger than the fundamental transition have been observed before in hydrogen-bonded systems. 19, 20 In fact, in all of these experiments a similar ratio of ⌫ hom 1→2 /⌫ hom 0→1 of 2-3 was observed. In our calculations we assume that the 1→2 transition center frequency of an oscillator is correlated to its 0→1 transition. In principle this need not be the case; an ''inhomogeneous'' broadening mechanism for the 1→2 transition could be the cause of the large width of the hot band. However, this is not very likely due to the fact that this broadening is not observed for the LF OD•••O latt and the HF O-D groups ͑without adsorbed nitrogen͒, and that the same relative width of the hot band is observed for methane absorption ͑see below͒. Therefore, the relatively large ⌫ hom 1→2 associated with the 1→2 transition for the OD•••N 2 groups is caused by either a much shorter population lifetime T 1 2→1 for the vϭ2 state, or a faster dephasing of the 1→2 transition ͑shorter T 2 * 1→2 ), since ⌫ hom 1→2 is determined by:
2→1 are the population lifetimes of the first and second excited states, and T 2 * 1→2 is the pure dephasing time for the 1→2 transition. To check whether the vϭ2 population lifetime is the cause of the broadening, we measured this lifetime with pump-pump-probe experiments. 37 For the pump-pump-probe experiments, the delay between the ͑1→2͒ pump and the ͑0→1͒ pump was fixed at 16 ps ͑the time at which the vϭ1 state population due to the (0→1) pump is maximal͒. The delay of the probe pulse, of the same frequency as one of the two pump pulses, is varied. In Fig. 7 the results of a pump-pump-probe experiments are shown for the OD•••O latt groups, with the probe frequency tuned to the 1→2 transition. In this figure, the transmission changes induced by the second pump pulse are plotted vs delay with respect to the first pump pulse. Clearly, the (1→2)-pump excites a significant amount of oscillators to their second excited state, i.e., the hot-band absorption is bleached. With the ͑0→1͒ pump blocked, no signal was observed, confirming that the transmission changes due to the ͑1→2͒ pump result from up-pumping of the O-D oscillators to their second vibrationally excited state. The fact that after the transmission increase ͑bleaching͒, a transmission decrease is observed can be understood as follows: the probe pulse is monitoring the population difference between the vϭ1 and vϭ2 levels. If the oscillators in vϭ2 decay to v ϭ 1, then the long-time effect of the second pump pulse will be that there are more oscillators in vϭ1 than without the second pump pulse; the oscillators have been put ''on hold'' in the vϭ2 state for a time T 1 2→1 , so that the hot band (1→2 absorption͒ will effectively live somewhat longer with than without the second pump pulse. The experimentally observed signals were calculated by numerically solving the appropriate set of coupled rate equations for a three level system, rendering the time-dependent population distribution. Subsequently, the transmission of the probe pulse is evaluated. Input parameters are pulse ͑intensities, duration and shape͒ and sample ͑absorption cross sections, oscillator density and sample length͒ characteristics. The result using a lifetime T 1 2→1 of 10 ps is shown in Fig. 7 as a solid line. Although this lifetime is shorter than the duration of our pulses, we can deduce that the error in this value is not larger than 5 ps from both the amplitude and width of the signal. Decay from vϭ2 directly to the ground state has been observed in this type of experiment, 37 but is clearly not occurring in this system, since in the case of direct relaxation, the signal would have a distinctly different shape: 37 In case of direct decay to the ground state, the overshoot of the transmission decrease after the bleaching of the hot band is not observed. In Fig. 8 the results are shown for the OD•••N 2 groups, with the probe tuned to the 1→2 transition, and the 0→1 transition, respectively. The results of the same calculations with exactly the same input parameters were used to describe both data sets, and a again a lifetime T 1 2→1 of 10 ps was found. Obviously, this value is too large to account for the observed width of the hot band of 30 cm Ϫ1 . We therefore Note that both data sets can be well accounted for by the same calculation.
conclude that the observation of the large hot-band width must be due to a faster pure dephasing for the 1→2 transition (T 2 * 1→2 ϭ 0.35Ϯ0.05 ps͒ compared to that of the 0→1 (T 2 * 0→1 ϭ 0.82Ϯ0.1 ps͒ transition for the OD•••N 2 groups.
B. Coupling mechanism for hydrogen-bond induced dephasing
We have shown in the previous section that for the OD•••O latt groups the dephasing mechanism can be described by the Shelby-Harris coupling model. However, in that case the homogeneous linewidth is not caused by coupling to the hydrogen-bond mode. In contrast, for the O-D groups with adsorbates coupling to the hydrogen bond is responsible for the observed linewidths. In this section we will investigate the coupling mechanism for this system.
The temperature dependence of the homogeneous linewidth of the OD•••N 2 groups does not provide conclusive information on the type of coupling between the highfrequency and the hydrogen-bond stretching modes. The absence of a significant temperature dependence ͑the same observation was made for other adsorbates͒ can be explained by both the Shelby-Harris and the Robertson-Yarwood model. The temperature-activated behavior predicted by the Shelby-Harris model is valid only in the low-temperature ͑slow modulation͒ limit and therefore the absence of temperature dependence might be due to the possibility that for this system the modulation is intermediate or fast. As far as the Robertson-Yarwood model is concerned, it does not predict a significant dependence of the linewidth on temperature. It is clear, however, that in the Robertson-Yarwood type of coupling the temperature dependence can be very complicated: Increasing the temperature will lead to an increase of the spectral distribution D due to an increase in the rms displacement of r , ͗r 2 ͘ 1/2 . Furthermore, this theory would also predict a temperature dependent c if the lowfrequency mode were treated quantum mechanically: 38, 39 In a quantum-mechanical description, the stochastic modulation of the high-frequency mode is a result of ongoing energy exchange between the quantum levels of the hydrogen bond and the bath. With increasing temperature the rate of exchange will increase leading to a decrease of c . On the other hand, with increasing temperature the hydrogen bond stretching frequency may decrease due to the strong anharmonicity of the hydrogen bond, leading to an increase of c . In conclusion, a change in temperature can have very different, counteracting, effects on the linewidth. Hence, it is clear that temperature is not a suitable parameter to investigate the nature of the coupling between the high-frequency and the hydrogen-bond mode.
It is interesting to note that the theoretical models of Shelby-Harris and Robertson-Yarwood make diametrically opposed predictions concerning the linewidth upon changing the frequency of the ͑XH•••Y͒ hydrogen bond stretch vibration. The Shelby-Harris model predicts the following: An increase of the ͑XH•••Y͒ frequency will result in a slower exchange with the bath, and hence a slower modulation ͑larger c ) of the high-frequency vibration. The absence of a temperature dependence for the homogeneous linewidth of the O-D groups with adsorbates implies that the frequency modulation of the high-frequency O-D mode does not occur in the regime of slow modulation. In the regime of intermediate or fast modulation, a slower modulation will result in a broadening of the line, since less motional narrowing will occur. In contrast, the Robertson and Yarwood model predicts a narrowing of the line, since in this model the coordinate r determines the dephasing directly and r (t) will fluctuate more rapidly with increasing ͑XH•••Y͒ frequency. The faster modulation will lead to more motional narrowing, since c ϭ␥/ 2 , and therefore the absorption linewidth will become smaller. Hence it is clear that the decisive test between the two theoretical models is a change of the hydrogen bond stretching frequency. By adsorbing a molecule different from nitrogen, a change in can easily be achieved. For a meaningful comparison between the theories, a requirement is that the shape of the vϭ0 and vϭ1 potentials ͑determining the spectral distribution D) and thus the adsorption energy remains the same. A good candidate is methane. Methane produces the same shift of the O-D stretching frequency ͑and a very similar absorption line͒ 30 but has only half the mass of nitrogen, and hence will increase by approximately a factor of ͱ2, since the reduced mass of this vibration will be determined predominantly by the mass of the adsorbate. As shown in Fig. 9 , the homogeneous linewidth decreases significantly from 13Ϯ1 cm Fig. 9 , exactly the same parameters were employed as those describing adsorption to Y zeolite: a homogeneous linewidth of 13 cm Ϫ1 , an excited state linewidth of 30 cm Ϫ1 , and ␤ϭ1.95. Only the anharmonicity was found to be different ͑120Ϯ2 cm Ϫ1 for Mordenite, as opposed to 100Ϯ2 cm Ϫ1 for Y-zeolite͒. This means that, despite the different contributions from inhomogeneous broadening, the homogeneous linewidth is independent of zeolite structure. For methane the calculations show that ⌫ hom 0→1 ϭ 8Ϯ1 cm Ϫ1 , ⌫ hom 1→2 ϭ 20Ϯ3 cm Ϫ1 , anh ϭ 115Ϯ2 and ␤ϭ2.0; Again, the hot band is much broader than the fundamental transition as also observed for O-D•••N 2 . In Fig. 10 the transient spectra resulting from adsorption of xenon and carbon monoxide are shown. For xenon adsorption, almost the whole absorption band is bleached, indicating that the homogeneous linewidth is very large. The solid line shows the absorption spectrum as recorded by the laser probe pulses. Obviously, this absorption line is almost completely homogeneously broadened. The spike at exactly the pump frequency is due to ͑LF͒ O-D groups to which no xenon is adsorbed. These free O-D groups have a very narrow homogeneous linewidth. The decreased transmission on the red side is due to excited state absorption. For the O-D groups with carbon monoxide ad-sorbed, a homogeneous linewidth of 22Ϯ2 cm Ϫ1 is observed. The results of the experiments are summarized in Table I .
The Robertson-Yarwood expression for c provides a quantitatively correct description of the data for all adsorbates. Assuming a damping parameter ␥ of 50 cm Ϫ1 in accordance with Refs. 15, 13, and 14, and a ͑OD•••X͒ frequency of 100 cm Ϫ1 for XϭN 2 , 40 we find that a value of 46 cm Ϫ1 for D is required to account for the observed hole of 14 cm Ϫ1 ͑implying D c ϭ 0.23, i.e., the modulation is in the intermediate modulation regime and motional narrowing is important in the description of the linewidth͒. We take this set as a reference to calculate the linewidths for the other adsorbates. We approximate V(r ) by a Morse potential: V(r )ϭE ads (1Ϫe Ϫa (r /r 0 ) ), where E ads is the absorption energy, and hence dissociation energy, and a determines the degree of anharmonicity of the hydrogen-bond potential. This anharmonicity parameter a is determined from the 0→1 transition frequency and the adsorption energy. If the degree of anharmonicity of the ͑OD•••X͒ potential remains the same for the different adsorbates, then for the other adsorbates the ͑OD•••X͒ frequency is readily calculated as a function of adsorption energy E ads and adsorbate mass M ads ͑viz. the reduced mass of this vibration͒
with h Planck's constant. If ␥ is independent of adsorbate, we obtain c , also shown in Table I . We assume that D, determined by the difference between the ground-state and excited-state potential, scales linearly with the heat of adsorption. The calculated linewidths resulting from numerically solving the integral of Eq. ͑1͒ are shown in Table I . The agreement with the data is excellent, and it should be noted that the results depend only weakly on the assumed reference values for ␥ and for nitrogen, as long as these values reproduce the observed linewidth of 13 cm In general, the anharmonic coupling term can be expanded as a power series of the normal coordinates r s and r as:
Since for the O-D groups with adsorbates our observations can be well accounted for by the Robertson-Yarwood model, this means that the coupling is first order in r Hence, it must be that F (r ) ϰ r . What is equally interesting, is the fact that the hot band is broader than the hole, i.e., ⌫ hom 1→2 is larger than ⌫ hom 0→1 . This implies that third-order coupling terms in r s are important in the anharmonic coupling term. This can be understood as follows: Consider a potential with negligible anharmonicity in the O-D distance r s , i.e., the potential V(r s ;r ) which depends parametrically on the hydrogen-bond coordinate r in the Born-Oppenheimer approximation. Then for a given value of r , the potential V(r s ;r ) is the sum of a term quadratic in r s and V anh : V(r s ;r ) ϭ ␣r s 2 ϩ V anh (r s ,r ). If only linear terms in r s in Eq. ͑6͒ contribute to the anharmonic coupling term V anh (r s ,r ), then the V(r s ;r ) potential is still completely harmonic, the spacing between the energy levels is constant and independent of r . This means that the transition frequencies between the energy levels are the same and that these cannot be broadened due to the hydrogen bond. Another way of understanding this is that, in case only linear terms in r s contribute to V anh , the hydrogen bond potentials V(r ) for the ground state (v OD ϭ 0) and the excited states (v OD ϭ1, 2, etc.͒ are exactly the same. Indeed, none of the transitions will be broadened, since the spectral distribution D is determined by the difference between the potentials. In this case the absorption line as well as the hot band would be infinitely narrow. If the r s 2 terms become important, the 0→1 and the 1→2 transitions will both be equally broadened. 36, 41, 42 In this case, a change in r induces a difference between the (v OD ϭ 0) and (v OD ϭ 1) hydrogen-bond potentials, that is equal to the difference between the (v OD ϭ 1) and (v OD ϭ 2) potentials: The hole and the hot band will both have the same, non-zero width. It is only when third-or higher-order terms become significant that the width of the 0→1 will be different from that of the 1→2. In this case, the difference between the V(r ) hydrogen bond potentials for v OD ϭ1 and v OD ϭ2 will be larger than the difference between v OD ϭ0 and v OD ϭ1 potentials. This situation is schematically depicted in Fig. 11 . The spectral distribution associated with the 1→2 transition D 1→2 is broader than that of the 0→1 transition D 0→1 , accounting for the broader hot band. Hence it is concluded that the coupling between the s and the mode is linear in the hydrogen bond coordinate r , and that third-or higher-order terms in r s contribute significantly to the anharmonic coupling term.
For the OD•••O latt groups, for which the hole and the hot band have the same width, it is clear that anharmonic coupling terms of higher than second order in r s do not significantly contribute. This is in agreement with the ShelbyHarris model that states that the predominant terms are of second-order in both the low-and high-frequency coordinate. These different coupling terms for the OD 
V. SUMMARY AND CONCLUSIONS
We have shown that the effect of a hydrogen bond on the vibrational line shape depends critically on the nature of the hydrogen bond. If the potential energy as a function of the hydrogen-bond coordinate is solely determined by the electrostatic interaction between the hydrogen atom and the hydrogen bonding partner, this will result in broad homogeneous lines, as observed for O-D groups to which simple molecules are adsorbed. In the case that the structure is rigid, however, it is not the hydrogen bond that determines the homogeneous linewidth, and we observe that the linewidth is determined by coupling to a ϳ200 cm Ϫ1 lattice mode. If the homogeneous linewidth is determined by the hydrogen bond, ͑in case of the adsorbates͒ we find that variation of the adsorbates allows us to investigate the coupling between the high-frequency s ͑O-D͒ stretching mode and the lowfrequency ͑OD•••X͒ stretching mode. From the variation of adsorbate, we find strong evidence that this coupling is linear in the r coordinate. From the fact that the 1→2 transition is broadened compared to the 0→1 transition, we deduce that third-or higher-order terms in r s contribute significantly to the coupling term.
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